ABSTRACT The effect of temperature on the duration of egg, larval, prepupal, and pupal development of the predator Laricobius nigrinus Fender was studied at six constant temperatures (6, 9, 12, 15, 18, and 21ЊC) where Adelges tsugae Annand was used as prey. Developmental time was inversely proportional to temperature between 6 and 18ЊC. Laricobius nigrinus did not complete development at 21ЊC. SigniÞcant positive linear relationships were observed between developmental rate and temperature for all life stages. Minimum developmental threshold temperatures were estimated at 5.4ЊC for eggs, 3.2ЊC for larvae, 2.9ЊC for prepupae, and 3.1ЊC for pupae. Median development times for eggs, larvae, prepupae, and pupae were 59.5, 208.3, 217.4, and 212.8 degree-days (DD) above minimum developmental temperatures, respectively. Development from oviposition to adult eclosion required a minimum temperature of 3.7ЊC and 666.7 DD. A degree-day model, developed in the laboratory for predicting egg hatch, predicted a degree-day value that was within 4 d of the median egg hatch observed at two Þeld sites in 2000. This regression model is a useful predictor of egg hatch in Victoria, British Columbia, Canada. In addition, the lower development threshold from egg to adult for L. nigrinus (3.7ЊC) is similar to that for the A. tsugae progrediens (spring) generation from second instar to adult (3.9ЊC), indicating that L. nigrinus and A. tsugae are adapted to similar climatic regimes.
STUDIES ON TEMPERATURE-DEPENDENT development are important for understanding the dynamics of predatorÐprey relationships, including those relevant to biological control (Miller and Paustian 1992 , RodriguezSaona and Miller 1999 , Cheah and McClure 2000 . In addition, they provide information on the biology and distribution of a species (Frazer and McGregor 1992) , contribute knowledge that enhances the efÞciency of mass rearing (Rodriguez-Saona and Miller 1999) , are useful in predicting development and activity in the Þeld (Fan et al. 1992; Judd et al. 1993 Judd et al. , 1994 Davis et al. 1996) , and are used in models to estimate insect growth, development, and reproduction (Roltsch et al. 1990 , Petitt et al. 1991 , Paine 1992 , Allen et al. 1995 . Differences in developmental rates among siblings (Rodriguez-Saona and Miller 1999) , populations (Miller 1992, Lamana and Miller 1998) , species (Frazer and McGregor 1992) , or conspeciÞcs reared on different prey or hosts (Campbell et al. 1974, Michels and Behle 1991) may inßuence population dynamics of natural enemies imported into novel climates (Miller and Paustian 1992) , and contribute to the selection of the most suitable natural enemy for a given climate (Perdikis and Lykourkessis 2002) .
Laricobius nigrinus Fender (Coleoptera: Derodontidae), native to western North America, is being evaluated as a candidate biological control agent of Adelges tsugae Annand (Homoptera: Adelgidae) in the eastern United States where the latter is exotic and lethal to eastern hemlock, Tsuga canadensis (L.) Carriè re and Carolina hemlock, Tsuga caroliniana Engelmann (McClure 1987 (McClure , 1991 . This beetle has been observed in association with A. tsugae on western hemlock, Tsuga heterophylla (Raf.) Sargent, on Vancouver Island in British Columbia, Canada (ZilahiBalogh et al. 2003a ) and occurs in both temperate coastal and interior boreal coniferous forests in British Columbia, Washington, Oregon, and northern Idaho (Hatch 1962 , Lawrence 1989 . Adelges tsugae is not considered a forest pest in western North America (Furniss and Carolin 1977) .
In British Columbia, oviposition by L. nigrinus occurs between late January and May. Eggs are laid singly in the woolly ovisacs of overwintering (sistens) A. tsugae. After egg eclosion, larvae feed on the eggs of A. tsugae and pass through four larval instars (ZilahiBalogh et al. 2003a) . On completion of feeding, mature larvae migrate to the soil to pupate. Emergent adults remain in the soil in aestival diapause over the summer and resume activity in the fall at about the same time that aestivating sistens nymphs of A. tsugae resume development (Zilahi-Balogh et al. 2003a, b) . Members of the genus Laricobius are predaceous on woolly adelgids (Homoptera: Adelgidae) (Lawrence and Hlavac 1979, Lawrence 1989) . Host speciÞcity tests revealed that L. nigrinus feeds exclusively on adelgids and completes development only on A. tsugae (ZilahiBalogh et al. 2002) .
Knowledge of thermal development requirements will provide important baseline information on the phenology of L. nigrinus and how it relates to the phenology of its prey, A. tsugae. In addition, this information can be used to assess the suitability of L. nigrinus as a natural enemy of A. tsugae under environmental conditions in the eastern United States.
The objectives of this study were to 1) determine the inßuence of temperature on L. nigrinus development when feeding on A. tsugae; 2) estimate lower developmental threshold temperatures for each life stage and thermal unit requirements to complete development for L. nigrinus; and 3) validate the degreeday model derived from constant temperature experiments with Þeld data collected on L. nigrinus in British Columbia.
Materials and Methods
Constant Temperature Experiments. Individuals of L. nigrinus used in this study were obtained from adults collected from A. tsugae-infested western hemlocks in a commercial seed orchard in Victoria, British Columbia (48Њ 65Ј N, 123Њ 43Ј W). The adults were imported to a USDA-approved quarantine facility at Virginia Polytechnic Institute and State University, Blacksburg, VA, and were maintained on A. tsugae from twig cuttings of eastern hemlock that were collected in natural forests located in Giles and Montgomery counties, Virginia. Experiments were conducted during the natural developmental period of L. nigrinus (FebruaryÐMay) except for the study conducted at 6ЊC, which began in February and was completed in October.
Laricobius nigrinus is active in the cooler months (Zilahi-Balogh et al. 2003a ). Therefore, development was studied at six constant temperatures, 6, 9, 12, 15, 18, and 21ЊC (Ϯ1ЊC) at a photoperiod of 12:12 (L:D) h and RH of 75Ð 87%. Eggs (Յ24 h old) were collected daily from adults held in oviposition containers at each constant temperature (Zilahi-Balogh et al. 2003b) . Laricobius nigrinus females each oviposit a single egg in a woolly ovisac of A. tsugae. Therefore, sections of twig (2Ð 4 cm) bearing a single A. tsugae ovisac with a single L. nigrinus egg were cut and placed individually in 50 by 9-mm polystyrene petri dishes (Falcon Plastics, Oxnard, CA). A 2-cm ventilation hole was cut in each lid and was covered with polyester mesh (0.14 mm 2 ) (PeCap, Sefar America Inc., Kansas City, MO). The base of each petri dish was lined with two layers of Þlter paper (Whatman No. 1, Whatman, Maidstone, UK) moistened with methyl paraben solution (0.42 g/250 ml of deionized water), which acted as a fungal inhibitor. Eggs (n ϭ 45Ð100) were assigned randomly to environmental chambers (Percival, Boone, IA) set to a constant temperature. Temperature and relative humidity data loggers (Hobo, Onset Computer Corp., Pocasset, MA) were placed inside each chamber, and readings were taken at 0.5-h intervals. The experiments at 15 and 18ЊC were conducted in 1999. Those at 9, 12, and 21ЊC were conducted in 2000, whereas the experiment at 6ЊC was conducted in 2002. A second experiment at 12ЊC was carried out in 2001 because of poor survivorship to the adult stage in 2000. Data from the two trials at 12ЊC were pooled because there were no signiÞcant differences in developmental times.
Life stages were examined using a dissecting microscope. Eggs (Յ24 h) were examined daily for evidence of hatch. Development of subsequent stages was determined from daily or every other day inspections until adult eclosion. Survivorship in each stage for each temperature determined the number of individuals used in observations for subsequent developmental stages, except for egg development at 15ЊC. In this instance, the temperature in the environmental chamber deviated from the experimental temperature by Ͼ1ЊC. Therefore, eggs retrieved from females were not used to measure egg development. Egg development, however, was followed on a subsequent cohort of eggs. Larval molts were determined by presence of exuvia. Larvae were provided fresh prey (A. tsugae ovisacs on twig cuttings) at each inspection. Once the prepupal stage was reached, sterilized peat moistened with methyl paraben solution was placed at the base of each petri dish, to serve as a pupation medium. The prepupal stage was considered to begin when a mature larva left the food source in search of a suitable pupation site.
Model Development. Cumulative frequency distributions of developmental times at each constant temperature were determined for eggs, larvae, prepupae, and pupae. Median developmental time for each life stage at each constant temperature was estimated with the logistic equation
by using least squares estimation, where Y is cumulative frequency, X is developmental time, K is the slope (which determines the steepness of the sigmoidal curve), and parameter C determines the midpoint of Y, the median developmental time (Ré gniè re 1984). Developmental rates for eggs, larvae, prepupae, and pupae were derived by taking the reciprocal of median developmental time (1/d) for each life stage. Median developmental rates (dependent variable) were then regressed against temperature (independent variable) by using least-squares linear regression analysis in SAS (PROC REG, SAS Institute 1989). The lower developmental threshold (D th ) temperature was determined by -a/b where a is the y-intercept and b is the slope of the linear equation relating temperature to developmental rate. The degree-day (DD) requirements were determined as the inverse of the slope (1/b) of the linear equation (Shelford 1927 L. nigrinus and A. tsugae were sampled over a 2-yr period (1998 Ð2000) in two western hemlock plantations (Sites 1 and 2) in a seed orchard near Victoria British Columbia. Twenty-Þve western hemlock trees infested with A. tsugae were randomly selected and marked in each plantation. Sampling was conducted from September 1998 until June 1999 in year 1 and between September 1999 and August 2000 in year 2. In both years, trees were sampled biweekly from September to January and weekly thereafter. On each sample tree, a randomly selected terminal branch tip (1Ð 6 cm in length) was removed from each of the four cardinal directions at a height of 0.9 Ð1.5 m. Branch tips from the same sample tree were pooled and placed into the same 20-ml plastic scintillation vial containing 70% alcohol. All life stages of A. tsugae and egg and larval stages of L. nigrinus were examined under a dissecting microscope with a calibrated optical scale. Life stages of A. tsugae were determined from body length measurements and shape (McClure 1989) and by counting the number of exuviae associated with each individual. Larval stages of L. nigrinus were determined from head capsule measurements (ZilahiBalogh et al. 2003b ). Densities of A. tsugae and L. nigrinus were determined from the number counted on a twig sample divided by the length of the twig to obtain a density per centimeter of twig. Mean densities for each sample date were computed from sample tree means (n ϭ 25).
Cumulative frequency distributions of mean numbers of individuals on each weekly sample date were generated for the eggs and Þrst instars. Equation 1 was used to estimate when 50% of the population (median) entered the next stage. The sine-wave method (Allen 1976 ) was used to generate degree-day accumulations, by using D th estimated from the regression equation described above for the egg stage. Degreeday summations were made from the time that 50% of eggs were laid (median egg deposition) to 50% egg hatch (median occurrence of Þrst instar) (ZilahiBalogh et al. 2003a ). Degree-day summation at 50% egg hatch in the Þeld was compared with the degreeday value predicted from the linear model for the egg stage. Degree-days were not summed for larval development because prepupae were not sampled (mature larvae migrate to the soil to pupate), and therefore 50% of the population reaching the prepupal stage as a cut-off date for larval DD accumulation could not be estimated. In year 1, daily maximum-minimum temperatures were obtained from a Meteorological Service of Canada weather station located Ϸ4 km SE of the study site. In year 2, temperature data loggers (Hobo, Onset) were placed on the bole of the tree (Ϸ1.4 m in height) nearest to the center of each plantation being sampled. Daily max-min temperatures were summarized from readings taken at 15-min intervals on the data loggers.
Data Analyses. Chi-square analysis was used to compare L. nigrinus survivorship at constant temperatures for each life stage. Multiple comparison tests on arcsine-transformed data were used to test for differences between the proportions that survived (Zar 1984) .
Data from British Columbia were tested within each year for differences in mean densities between the two sites by using PROC GLM, where site was the whole plot and time the subplot (SAS Institute 1989). Data were pooled where there was no site*time interaction (Steel and Torrie 1980) . Egg data for A. tsugae at each site were pooled in both years. In all cases ␣ ϭ 0.05 was used in analyses.
Results

Constant Temperature Experiments.
Developmental time of all stages of L. nigrinus decreased as temperature increased, except for egg developmental time, which increased slightly at 21ЊC (Table 1) . Larval survivorship was signiÞcantly lower at 21ЊC than at the other temperatures tested, and L. nigrinus did not complete development at 21ЊC. There was no significant difference in prepupal survivorship at 6, 9, and 12ЊC ( 2 ϭ 1.055, df ϭ 2, P ϭ 0.590), but these were signiÞcantly lower than survivorship at 15 and 18ЊC (Table 1) . Only one adult eclosed at 6ЊC. Median developmental times from egg to adult decreased with increasing temperature between 9 and 18ЊC (Table 1) .
SigniÞcant positive linear relationships (P Ͻ 0.05) were observed between developmental rate and temperature for all life stages (Fig. 1) . Median developmental times of eggs, larvae, prepupae, and pupae required 59.5, 208.3, 217.4, and 212.8 DD above the minimum developmental temperatures, respectively. The estimated D th for eggs, larvae, prepupae, and pupae was 5.4, 3.2, 2.9, and 3.1ЊC, respectively. Minimum temperature for development from oviposition to adult eclosion was 3.7ЊC, requiring 666.7 DD to complete development.
Model Validation. Using the D th of 5.4ЊC estimated for the egg stage from the linear regression equation, DD summations were made from the date of median egg deposition to date of median egg hatch (occurrence of Þrst instars). In year 1, there was an accumulation of 87.2 DD from 8 March (median egg deposition) to 7 April 1999 (median egg hatch) at site 1, whereas at site 2, 83.5 DD accumulated from 7 March (median egg deposition) to 5 April 1999 (median egg hatch). In year 2, at site 1, 63.2 DD accumulated from 12 March (median egg deposition) to 2 April 2000 (median egg hatch), whereas at site 2, 47.7 DD accumulated from 6 March (median egg deposition) to 28 March 2000 (median egg hatch). In both years, date of median egg deposition by overwintering A. tsugae was estimated to be 30 March and 27 March, respectively, which was within Ϸ1 wk of L. nigrinus median egg hatch for all sites and years.
Discussion
The decline in growth rate and high mortality at 21ЊC suggest that maximum developmental temperature threshold is between 18 and 21ЊC. High prepupal mortality (Ͼ64%) between 6 and 12ЊC may be because the prepupal stage is particularly sensitive to low soil temperatures (Table 1 ). In addition, only one adult eclosed at 6ЊC. Although temperatures below 12ЊC seem to be detrimental to the prepupal stage and pupal survival is low at 6ЊC, L. nigrinus mated and laid eggs at 6ЊC. The highest percentage of survivorship (egg to adult) was observed at 15ЊC (38.5%), and it is currently being used to mass rear L. nigrinus.
Inadequate soil moisture and disturbance of immature stadia during regular inspections may be factors contributing to the relatively high mortality (Ͼ60%) from egg to adult. Lamb et al. 2002 reported that L. nigrinus adult survivorship through aestivation was signiÞcantly higher at 20 and 40% soil saturation compared with 5% soil saturation. In our study, although soil was moistened regularly, saturation level was not monitored. A subsequent study that investigated the effect of disturbance on adult survivorship found that percent survival of adults through aestivation was 49 and 38% for undisturbed and disturbed treatments, respectively. Disturbance entailed sifting though soil to account for all individuals once during the pupal stage, and once after adult eclosion (A. B. Lamb, VA Polytechnic Institute and State University, Blacksburg, VA, unpublished data).
The lower developmental threshold from egg to adult for L. nigrinus (3.7ЊC) is similar to that for the spring generation (progrediens) of A. tsugae from second instar to adult (3.9ЊC) , indicating that L. nigrinus and A. tsugae are adapted to similar cool climatic regimes. The egg developmental threshold of L. nigrinus (5.4ЊC) is higher than the threshold (3.9ЊC) for A. tsugae progrediens. This delay in natural enemy development ensures that suitable stages of the host or prey population can become established before the natural enemy (Campbell et al. 1974) . In both years, (spring 1999 and 2000) in British Columbia, the occurrence of L. nigrinus eggs coincided with eggs laid by overwintering A. tsugae. These results indicate that L. nigrinus is synchronized with availability of suitable prey stages (A. tsugae eggs).
In 1999, DD summations of median egg hatch in British Columbia deviated from the predicted value (59.5 DD) by approximately ϩ28 and ϩ24 DD, for sites 1 and 2, corresponding to an overestimation of predicted egg hatch by 13 and 12 d, respectively. In 2000, deviations from the predicted value were approximately ϩ4 and Ϫ12 DD, corresponding to the predicted date of egg hatch for site 1, but an underestimation of egg hatch by 4 d at site 2. In 2000, at site 2, median egg deposition and egg hatch each occurred one sample period (1 wk) earlier than at site 1 (ZilahiBalogh et al. 2003a ). This might explain the differences in DD accumulations between the two sites. In 1999, temperature data were obtained from a weather sta- Parker et al. (1998) reported that A. tsugae is able to survive temperatures as low as Ϫ30ЊC and that its range is likely to expand into areas with colder winters. In British Columbia, L. nigrinus adults are active from October to May. Newly eclosed adults remain in aestival diapause in the soil and resume activity when aestivating A. tsugae (sistens) nymphs resume development in the autumn (Zilahi-Balogh et al. 2003a) . Lawrence (1989) reported that derodontids occupy cool temperate regions of the world. There are no published reports on any member of the family Derodontidae for comparisons with L. nigrinus on temperature-dependent development. The genus Tsuga is similarly found in cool, moist regions, primarily mountainous areas without either extreme low winter or high summer temperatures (Burns and Honkala 1990, Farjon 1990) .
Comparison of thermal development requirements of other natural enemies targeting the same pest species provides information on temporal overlap that is useful when examining possible intraguild interactions among biological control agents. The developmental threshold for Pseudoscymnus tsugae Sasaji & ) and x is temperature. Egg: y ϭ Ϫ0.0907 ϩ 0.0165x, SE of b ϭ 0.0041, P ϭ 0.026, R 2 ϭ 0.85; larvae: y ϭ Ϫ0.0151 ϩ 0.0048x, SE of b ϭ 0.0003, P ϭ 0.001, R 2 ϭ 0.99; prepupa: y ϭ Ϫ0.0132 ϩ 0.0047x, SE of b ϭ 0.0004, P ϭ 0.001, R 2 ϭ 0.98; pupa: y ϭ Ϫ0.0144 ϩ 0.0047x, SE of b ϭ 0.0004, P ϭ 0.008, R 2 ϭ 0.98; egg to adult: y ϭ Ϫ0.0056 ϩ 0.0015x, SE of b ϭ 0.0002, P ϭ 0.013, R 2 ϭ 0.97.
McClure (Coleoptera: Coccinellidae), another predator being evaluated for biological control of A. tsugae, is 9.5ЊC with 405 DD required to complete development from egg to adult (Cheah and McClure 2000) . This suggests that P. tsugae is active later in the spring than L. nigrinus. Laricobius nigrinus is univoltine (Zilahi-Balogh et al. 2003b) . Its eggs and larvae overlap with eggs laid by sistens stages of A. tsugae (ZilahiBalogh et al. 2003a ). The occurrence of eggs laid by sistens adults in British Columbia (JanuaryÐ early June) (Zilahi-Balogh et al. 2003a ) is comparable with that in Connecticut (mid-FebruaryÐ early June) (McClure 1987 (McClure , 1989 . In British Columbia, L. nigrinus begins to lay eggs in late January, and mature larvae move to the soil by late May (Zilahi-Balogh et al. 2003a ). In Connecticut, P. tsugae females begin to lay eggs in mid-April. Larval and pupal stages of the Þrst brood of P. tsugae occur from late April to June (Cheah and McClure 2000) . We therefore expect some temporal overlap of late larval stages of L. nigrinus with egg and early instar Þrst brood P. tsugae. Intraguild interactions between these two species have not yet been examined. To date, P. tsugae is the only predator that has been mass reared and released into the environment for biological control of A. tsugae in the eastern United States. Laricobius nigrinus has been removed from quarantine status (Zilahi-Balogh et al. 2002) , and attempts to mass rear this beetle are ongoing. The data from this study has contributed to the mass-rearing protocol being developed for L. nigrinus.
